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Abstract 
Making use of modal characteristics of the natural vibration of flexible structure to design the oscillating wing aircraft is proposed. 
A series of equations concerning the oscillating wing of flexible structures are derived. The kinetic equation for aerodynamic force cou-
pled with elastic movement is set up, and relevant formulae are derived. The unsteady aerodynamic one in that formulae is revised. The 
design principle, design process and range of application of such oscillating wing analytical method are elaborated. A flexible structural 
oscillating wing model is set up, and relevant time response analysis and frequency response analysis are conducted. The analytical re-
sults indicate that adopting the new-type driving way for the oscillating wing will not have flutter problems and will be able to produce 
propulsive force. Furthermore, it will consume much less power than the fixed wing for generating the same lift. 
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1 Introduction* 
The aeroelastic problems are often the unfa-
vorable factors in aircraft design and other structural 
design, and even extremely harmful, it has always 
been the key technology in the design to avoid the 
aeroelastic unfavorable phenomena[1]. In recent 
years, with the constant development of plane de-
sign, the gradual application of composite and in-
tellectual materials, and the constant increase of 
structure flexibility, the aeroelastic phenomenon is 
more and more striking as well[2]. However the 
aeroelasticity may be also a favorable factor. It is a 
problem of exploring and utilizing this favorable 
factor, which is one of the key technologies for the 
future design of aircraft. This article tries to use 
aeroelastic characteristics of the flexible structure to 
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realize the flapping wing propulsion. So that, a 
beneficial theoretical foundation for the design of 
future aircraft with less energy consumption can be 
provided. 
Flapping wing aircraft has extensive applica-
tion prospects in different fields, such as manpower 
ornithopter, miniature aircraft, etc, because of its 
unique lift generating way[3-6]. An interest in the 
research and development of flapping wing aircrafts 
has increased dramatically in recent years[7-9]. But 
so far, most researches on the flapping wing aircraft 
are concerning the areas of fluid mechanics and 
mechanism. The focal point of these studies is the 
analysis of flapping wing’s aerodynamic forces, and 
most of the realization ways of flapping wing are 
directly adopting mechanical movement approach. 
Gradually the flexible influence of the wing is also 
considered, but there are few models which make 
use of the modal characteristics of natural vibration 
of the flexible structure[10-13]. 
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The lift and propulsive force producing princi-
ples of flapping wing is the coupling of plunging 
and pitching movements of wing[14-15]. The gist of 
this article is to make use of modal characteristics of 
the natural vibration of flexible structure to realize 
the plunging and pitching movements of flapping 
wing through an excitational method, and thus pro-
ducing the propulsive force. Introducing a very 
small excitation in the equilibrium equation of 
forces of the wing, to control the wing under a cer-
tain favorable and steady vibration state. Compared 
with the flapping wing aircraft of the common type, 
this kind of wing does not have rigid body move-
ments of plunging and pitching, moreover, the 
wing’s amplitude is smaller. So calling it oscillating 
wing aircraft may be more correct. 
The analytical method for unsteady aerody-
namic used in this article is drawn from professor 
DeLaurier’s study of the flapping wing aircraft[3,16]. 
Then based on the assumption that the plunging 
velocity of the wing comes to be very low relative 
to the mean-stream velocity, a kinetic equation is set 
up for aerodynamic forces coupling with elastic 
forces and mass forces, and a series of correlation 
formulae are derived. 
Having considered the elasticity of the struc-
ture, namely having utilized the elastic vibration of 
structure the propulsive force is produced effec-
tively. From the viewpoint of energy, the oscillating 
wing aircraft may consume much less energy than 
the flapping wing aircraft which totally realizes the 
flapping movement by machinery, even less energy 
consuming than the regular fixed wing aircraft. This 
is the greatest advantage of making use of flexible 
structure’s aeroelastic characteristic to realize the 
flapping wing movement, and it can be used in the 
design of small flapping wing aircraft having high 
aspect-ratio and high altitude long endurances 
(HALEs) in future. The analytical results indicate 
that adopting the flapping wing with such new-type 
driving way can produce propulsive force, and this 
way consumes much less power than the regular 
fixed wing for producing the same lift power. 
2 Method of Analysis 
2.1 Aerodynamic forces 
The simplest principle of the thrust producing 
of flapping wing can be explained by a two-dimen-
sional quasi-steady model[4]. The flow is assumed as 
quasi-steady and low velocity in this model. The 
aircraft is supposed to be in cruise flight at the mean 
horizonal velocity U. Fig. 1 shows a complete flap-
ping movement, including plunging and pitching 
motions, with vertical velocity V and pitch angle T, 
both are varying with time. Note that the vertical 
speed is taken from the quarter of wing chord, i.e. 
the location of the aerodynamic center. The aero-
dynamic velocity then has the following expression: 
2 2U V UD   , its direction is shown in Fig.1. 
From the Kutta-Joukowski theorem, the lift vector is 
always perpendicular to the relative velocity, and 
the horizontal component of lift vector is the 
thrust[17]. 
 
Fig.1  Flapping with angle of pitch. 
For a flapping wing aircraft, the quasi-steady 
aerodynamic model is not suitable for many situa-
tions. So we should develop an unsteady aerody-
namic model. Although there is no any perfect 
method suitable for calculating the unsteady aero-
dynamic forces of the oscillating wing, the air 
flowing over every wing section can be assumed 
being along the chordwise, and a modified strip 
theory can be used to calculate aerodynamic forces 
while the aspect-ratio is high enough[3,18-20]. 
In this unsteady aerodynamic model, the mean- 
stream velocity is U, as shown in Fig.2. The aero-
dynamic forces acting on each section of the wing 
are divided into the chordwise force dFX and the 
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normal force dN. Then from DeLaurier[3], the 
chordwise force dFX includes leading edge suction 
force dTs, chordwise force due to camber dDcamber, 
and chordwise friction drag dDf. Also from De-
Laurier[3], the normal force dN includes circulation 
normal force acting on each section at the 1/4- 
chord location and normal force dNa which acts at 
the 1/2-chord location and is induced by the appar-
ent mass.   
 
Fig.2  Aerodynamic forces and motion parameters on the 
wing section. 
Then, according to DeLaurier[3], the expres-
sions of chordwise force dFx and normal force dN 
are 
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These may be integrated along the wing span 
to give the whole wing’s instantaneous lift and 
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where ( )tJ  is the section’s dihedral angle at that 
instant of the flapping cycle. 
The assumed plunging and pitching motions of 
wing are given by 
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where h(t) is the wing’s plunging velocity, T(t) the 
wing’s pitch angle. 
To obtain the wing’s average lift and thrust by 
integrating L(t) and T(t) over the cycle conveniently, 
the integration with respect to cycle angle I, instead 
of time t is performed, where 
 tI Z  (5) 
Thus, the average lift and thrust are expressed 
as 
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In this section, the slope of lift line is assumed 
being 2S. In actual calculation, the slope of lift line 
is given by the selected wing section. 
2.2 Aeroelasticity 
The natural motions of bending and torsion of 
flexible structure of a wing make people associate it 
with the flapping wing’s motion. Therefore, people 
consider to excite the flexible structure’s natural 
modes in a flapping movement. With this method, 
the coupling between the aerodynamic forces and 
the structure distortion can be synthesized. More-
over, the wing can produce vibration under the in-
fluences of aerodynamic forces, mass forces and 
elastic forces. It is just hoping that the vibration can 
be controlled being in utilizable state to a certain 
extent when the exciting force is introduced. There-
fore, the power consumed will not be very high if it 
is designed properly. 
The forced damping vibration equation of wing 
model under the simple harmonic load is 
 a e+ + = + Mx Bx Kx F F  (7) 
where M is total structural mass matrix, B total 
structural damping matrix, K total structural stiff-
ness matrix, Fe exciting force matrix, x structural 
nodal displacement array, and Fa aerodynamic force 
matrix. 
Solving Eq.(7), the structural nodal displace-
ment of each corresponding frequency can be ob-
tained, that is the mathematical expression of the 
plunging and pitching motions of the model. 
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While analysing the aerodynamic forces of 
flapping wing (oscillating wing), the unsteady aero-
dynamic forces should be introduced into the kinetic 
equation if the coupling effects of aerodynamic 
forces and elastic forces are considered. 
From Eq.(4), every section’s displacement of 
the wing model has two degrees of freedom, and the 
model’s motion is simple and harmonic. Therefore, 
it can be assumed that 
 i i* e et t
h Z Z
D
ª º    « »¬ ¼x u qM  (8) 
Where x* is the section’s displacement, M modal 
interpolating function, q the generalized coordinates 
based on the structural natural mode of the model, 
Mq natural mode, and Z natural vibration frequency. 
Then the solution of Eq.(7) is a simple-harmonic 
solution of a second-order linear homogeneous dif-
ferential equation. 
Assuming the natural vibration frequency Z is 
very small relative to the mean-stream velocity U, 
therefore the wing’s plunging velocity ( )h t  is very 
small relative to the mean-stream velocity U. So it 
can be assumed that 
 2 2relV U h U  |  (9) 
Then, the unsteady aerodynamic forces equa-
tion mentioned before can be simplified and intro-
duced into the vibration equation. 
When exciting the model, because the model’s 
plunging and pitching motions are normal motion, 
so the influences of chordwise aerodynamic forces 
are very small. Thereby, the aerodynamic force item 
of the forced vibration equation should contain only 
the normal aerodynamic forces. In a situation that 
the angle of pitch is not very large (smaller than the 
dynamic stall angle of the wing), the aerodynamic 
forces acting on the wing’s section can be consid-
ered as 
 a a cd d dF N N   (10) 
Using the theory of Theodorsen to introduce 
the influence of unsteady[1], then obtain the aerody-
namic force equation 
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Where D is the angle of rotation of the model 
around the center of stiffness, a ( )tD T T  ; a is 
cofficient with the dimention of 1, it is a positive 
number when the center of stiffness is located be-
hind the 1/2-chord; C'(k) is Theodorsen function; 
and c is aerofoil chord. 
Considering the influences of the free vortex 
and the finite-span, Eq.(11) is modified and form the 
aerodynamic force equation of 2-D segment as 
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From Eq.(12), one obtains 
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Finallyˈthe expression of aerodynamic force 
item Fa is 
 a 1 2 3 4 + + + F A x A x A x A  (14) 
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The exciting force has the form as 
 ie e( ) e
tt Z  F f f  (15) 
Substituting Eq.(14) and Eq.(15) into Eq.(7), 
one obtains 
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A4 is steady dynamic force item, which has 
very small on calculating the structure’s forced vi-
bration. So it can be ignored. 
The generalized coordinates q is generally as-
sumed being related to the first n orders of the 
wing’s natural mode, that is 
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q
q
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The oscillating wing model mainly has two 
kinds of motions: the plunging motion and the 
pitching motion. In the calculation of this article, 
mainly the first-order bending mode of the model is 
used to realize the plunging motion, and the first- 
order torsional mode is used to realize the pitching 
motion. Therefore, just the first-order bending mode 
and the first-order torsional mode of the model 
should be used to conduct the calculation. So, n is 
taken as 2 in Eq.(17). 
Then, M is independent of time, so one obtains 
 
1 2
3 e
( ) ( )
( )
* *
*
' '
' '
   
  
M A q B A q
K A q f
 M M M M
M M M  (18) 
Where M*, B*, and K* are the generalized matrices 
of mass, damping, and stiffness, 2' AM M  is the 
generalized matrix of aerodynamic damping, they 
are all diagonal matrices; and q the generalized 
coordinates based on the structural natural mode of 
the model. 
The q can be obtained from Eq.(18), and then 
the model’s displacement x, for which the coupling 
effects of aerodynamic forces and the structure 
flexibility are considered, can be obtained. 
In calculation, the slope of lift line is given by 
the selected wing section instead of 2S. 
For this type of oscillating wing utilizing 
aeroelasticity, the input power is the main power 
that the exciter consumes. If ignoring the internal 
friction of the exciter, the average input power over 
a cycle can be calculated by 
 
*
*
in e e e0
(1/ ) ( ) ( )d
T
P F V T f t h t t   ³   (19) 
Where f(t) is the exciting force, e ( )h t  the exciting 
locational kinematic velocity, *T  the cycle time of 
oscillating wing. 
To make analytical comparison between oscil-
lating wing aircraft and regular fixed wing aircraft, 
the basic aerodynamic forces and input power for-
mulae of fixed wing aircraft are given. 
Fixed wing aircraft’s lift formula is 
  2 01 12 2y
ARL U C c
b AR
DU D D    (20) 
where AR is wing aspect ratio; b is span length; c is 
aerofoil chord length;U is atmospheric density; and 
yC
D  is the slope of lift line. 
If only consider the situation of overcoming 
the induced drag and the friction drag, the input 
power of the fixed wing is given by 
  i fP D D U    (21) 
where Di is induced drag, Df friction drag, and they 
are given by 
 2i
1
2 2x
bD U C cU  (22) 
 2f d f
1 ( )
2 2
bD U C cU  (23) 
Where Cx is drag coefficient determined by specific 
wing section, and (Cd)f friction drag coefficient, its 
formula is given by Ref.[5]. 
   3 Numerical Example 
To verify the analytical method of the oscillat-
ing wing utilizing aeroelasticity, a mathematical 
model of the flexible oscillating wing is set up to 
conduct the calculation. Two assumptions are given 
for setting up the model: 
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(1) The vibration equation has used a assump-
tion of small deformation of structure, so the largest 
amplitude of the model’s plunging and pitching mo-
tions should be restrained. 
(2) The stalling situation has not been consid-
ered in the analytical method of the aerodynamic 
forces, so the range of the angle of attack should be 
restrained to assure that the model will not fall into 
stalling state. 
In addition, modified strip theory has been 
used in the calculating of aerodynamic forces, 
therefore, the analytical method of the oscillating 
wing is better being applied to a high aspect-ratio 
model. 
Through calculating the coupling effects of the 
aerodynamic forces and the structure distortion, 
more accurate results of the aerodynamic forces and 
the structure distortion should be obtained. Besides, 
if it is designed properly, the aerodynamic damping 
of the model may be negative, and then the total 
damping of the model will be reduced (the total 
damping of the model includes aerodynamic damp-
ing and structural damping). Therefore, a small ex-
citing force is needed to obtain the qualified plung-
ing and pitching motions of the model. 
Software MSC.Nastran is used to conduct the 
frequency response analysis of the model. If this 
analytical method of the oscillating wing utilizing 
aeroelasticity is feasible, a positive lift force and a 
positive thrust will be obtained from the analysis, 
and the consumed input power should be smaller. 
3.1 Model design flow 
There are mainly four steps for designing an 
oscillating wing model utilizing the aeroelastic 
characteristics of flexible structure: 
(1) Set up an initial model. Design the ampli-
tude and frequency of exciting force (namely the 
frequencies of the plunging and pitching motions) 
according to the two asumptions.Design the con-
figuration of the model, and choose the materials of 
model, etc. 
(2) Carry on the finite element analysis of the 
natural vibration for the structure of initial model. 
For utilizing the areoelastic characteristics of flexi-
ble structure of the model, the natural frequencies of 
the first-order bending mode and the first-order tor-
sional mode of the model should be designed being 
close to each other. So that only one exciting fre-
quency is being used to excite the first-order bend-
ing mode and the first-order torsional mode of the 
flexible model. And then the demand that the oscil-
lating wing model produces lift and thrust at the 
same time can be met. For this reason, the model 
should be adjusted according to the results of the 
finite element analysis of the natural vibration for 
the structure. 
(3) Forced vibration analysis of the model. 
Solve Eq.(18), to obtain the model’s displacement x, 
for which the coupling effects of aerodynamic 
forces and the structure flexibility are considered. 
(4) Calculate the total aerodynamic forces (in-
cludes lift and thrust) based on the displacement x 
and the modified strip theory of the oscillating wing 
model. 
The design flow of the oscillating wing model 
is shown in Fig.3. 
 
Fig.3  Model design flow. 
3.2 Analytical model 
An analytical model of oscillating wing is de-
veloped according to the two assumptions: 
A semi-wingspan model’s span is 600 mm, and 
chord is 100 mm. The model is made of aluminium 
plate, which thickness is 3 mm. The model’s mid- 
point is restraint point. And the degree of torsional 
freedom of the model is restrained with the spring. 
The torsional stiffness of the spring is 1 N·m/rad. 
The finite element model is shown in Fig.4. To as-
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sure the model will not fall into the stalling state at 
large angle of attack, the aerofoil of the model is 
selected as S1020. The flight speed of the model is 
20 m/s. The structural damping of the model is 
given as 0.06 for calculating. 
In order to control the phase difference be-
tween plunging motion and pitching motion, the 
excitation of this oscillating wing model is realized 
with forced displacement excitation. However, to 
calculate and illuminate conveniently, the forced 
displacement excitation is changed into an exciting 
force at the wing tip equivalently. The amplitude of 
the exciting force is 1 N, that is ( ) 1 sin( )f t tZ  , the 
exciting location is the tip of the wing, as shown in 
Fig.4. The phase difference between plunging mo-
tion and pitching motion of the model is –90º. 
 
Fig.4  Structure finite element model. 
3.3 Analysis and results 
When calculating with the software MSC. 
Nastran, the first-order mode of the model is the 
first-order bending mode, and the natural frequency 
is 6.73 Hz. The second-order mode of the model is 
the first-order torsional mode, and the natural fre-
quency is 7.43 Hz.  
Then the Software MSC.Nastran is used to 
perform the frequency response analysis. And the 
amplitude of every nodal vibration of the model, 
which varies with the frequency of exciting force, is 
obtained. According to the assumptions, the largest 
deformational location of the model (node 1 at wing 
tip) is taken to perform the analysis. Thus it can be 
seen that the amplitude of wing tip vibration of the 
model is the largest peak value and around the fre-
quency of 7 Hz, as shown in Fig.5. Exciting near 
this frequency, the displacement response coupling 
with the bending and torsional modes can be ob-
tained. 
 
Fig.5  Model frequency response analysis. 
Through making comparison, the exciting 
force of frequency being 6.85 Hz and amplitude 
being 1 N is finally chosen to excite the wing tip of 
the model. Under this excitational condition, the 
model may satisfy the two assumptions. And the 
model has the displacement response coupling with 
the bending and torsional modes. Then, every nodal 
displacement response of the model can be obtained 
from the results of the forced vibration response 
analysis. So, every wing section’s motion needed 
for the calculation of the model’s aerodynamic 
forces is obtained. Finally, using the modified strip 
theory, the model’s aerodynamic forces can be 
found including lift force and thrust force. 
Then, the model’s aerodynamic forces are cal-
culated and analysed. The net lift and net thrust of 
the oscillating wing model in one cycle, which vary 
with time, can be obtained, as shown in Fig.6 and 
Fig.7. The net thrust is the thrust which has de-
ducted the drag. As shown in Fig.6 and Fig.7, the 
wing’s average lift and thrust in one cycle are posi-
tive. 
In one cycle, the direction of aerodynamic 
force of the model is always contrary to the vibra-
tion direction of the model, as shown in Fig.8. So, 
the aerodynamic force of the model is always hin-
dering the increase of the amplitude of the model in 
one cycle. Therefore, this oscillating wing model 
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will not flutter when flight at 20 m/s. In fact, from 
the view point of energy sources/sinks, this type of 
aircraft will not flutter[21]. 
 
Fig.6  Net lift vs time. 
 
Fig.7  Net thrust vs time. 
 
Fig.8  Cycle history of net force. 
To examine the advantage or disadvantage of 
this oscillating wing model as against the fixed wing 
model, a fixed wing model which has the same con-
figuration is calculated. The angle of attack of the 
fixed wing model is taken as the average angle of 
attack over a cycle of the oscillating wing model. 
And the results are shown in Table 1. 
Table 1 Results of oscillating wing model vs results of 
fixed wing model 
Model Fixed wing Oscillaing wing D-value
/ NL  8.61 6.65 –1.96
/ NT  – 0.5 0.79 1.29
/ WP  10 1.68 –8.32
where L  is the average lift; T  the average thrust; 
and P  the average input power. 
According to the results of calculation, the os-
cillaing wing model utilizing aeroelasticity provides 
lift as much as the fixed wing model while flighting 
at the same speed and at the same average angle of 
attack. Moreover, the oscillaing wing model pro-
vides enough net thrust while the fixed wing model 
provides negative thrust because of the aerodynamic 
drag. Furthermore, the power consumed by the os-
cillaing wing model is far lower than the fixed wing 
model. To sum up, the oscillaing wing model has 
met the anticipated demand. 
4 Conclusions 
An oscillating wing mechanism is investigated 
utilizing the natural vibration modal characteristics 
of the flexible structure. An oscillating wing model 
is set up, and aeroelastic and aerodynamic analyses 
are carried out. According to the results of the 
analyses, some conclusions can be drawn: 
(1) To produce lift and thrust, the first-order 
bending mode and the first-order torsional mode of 
the model should be excited at one exciting fre-
quency. Therefore, the natural frequencies of the 
first-order bending mode and the first-order tor-
sional mode of the model should be designed being 
close to each other. As to fixed wing aircraft, this 
kind of design will lead to flutter problem. However, 
the oscillating wing model will not have this prob-
lem because of the phase difference of the mode. 
(2) The oscillating wing model provides as 
much average lift as the fixed wing model over a 
cycle. Moreover, the oscillating wing model pro-
vides positive net average thrust over a cycle. So, 
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this kind of design can be used to provide propul-
sion for aircraft. 
(3) The power consumed by the oscillaing 
wing model is very low. Because the energy which 
is released in the wake is small. 
This article is to investigate the mechanism of 
the oscillating wing utilizing aeroelasticity. There-
fore, the fomulae presented in this article is simpli-
fied, especially the fomula of the input power of the 
oscillating wing. It is greatly simplified for ignoring 
mechnical friction loss and others. In addition, if the 
oscillating wing can provide positive lift and thrust 
is the main issue being cared about. So, the oscil-
lating wing model has not been optimized. And the 
thrust efficiency has not been discussed, too. These 
problems should be considered further in the engi-
neering design. 
References 
[1] Chen G B, Zou C Q, Yang C. Elements of aeroelastics. Beijing: 
Beijing University of Aeronautics and Astronautics Press, 2004: 
64-74. [in Chinese] 
[2] Hönlinger H G, Krammer J, Stettner M. MDO technology needs in 
aeroelastic structural design. AIAA-98-4731, 1998. 
[3] DeLaurier J D. An aerodynamic model for flapping-wing flight. 
Aeronautical Journal 1993; 97(964): 125-130. 
[4] Pendarise C, Boiffier J L. Flexible aircraft in conceptual design 
HALEs on the way to ornithopter. AIAA-98-0505, 1998. 
[5] Jones K D, Platzer M F. An experimental and numerical investiga-
tion of flapping-wing propulsion. AIAA-99-0995, 1999. 
[6] Jones K D, Duggar S J. Platzer M F. Flapping-wing propulsion for 
a micro air vehicle. AIAA-2001-0126, 2001. 
[7] Jones K D, Platzer M F. An experimental and numerical investiga-
tion of flapping-wing propulsion. AIAA-99-0995, 1999. 
[8] Jones K D, Platzer M F. Experimental investigation of the aero-
dynamic characteristics of flapping-wing micro air vehicles. 
AIAA-03-0418, 2003. 
[9] Prempraneerach P, Hover F S, Triantafyllou M S. The effect of 
chordwise flexibility on the thrust and efficiency of a flapping foil.  
13th Int Symp Unmanned Untethered Submersible Techn. 2003; 
24-27. 
[10] Jones R T. The unsteady lift of a wing of finite aspect ratio. 
NACA-TR-681, 1940. 
[11] Jones R T. Wing flapping with minimum energy. NASA TMJ- 
81174, 1980. 
[12] Archer R D, Sapuppo J, Betteridge D S. Propulsion characteristics 
of flapping wings. Aeronautical Journal 1979; 83: 355-371. 
[13] Hover F S, Haugsdal O, Triantafyllou M S. Effect of angle of 
attack profiles in flapping foil propulsion. Journal of Fluids and 
Structures 2004; 19(1): 37-47. 
[14] Garrick I E. Propulsion of flapping and oscillating airfoil. NA-
CA-TR-419, 1936. 
[15] Theodorsen T. General theory of aerodynamic instability and the 
mechanism of flutter. NACA-TR-496, 1935. 
[16] DeLaurier J D. The development of an efficient ornithopter wing. 
Aeronautical Journal 1993; 97(965): 153-162. 
[17] Mueller T J, DeLaurier J D. Aerodynamics of small vehicle. Annu 
Rev Fluid Mech 2003; 35(1): 89-111. 
[18] DeLaurier J D, Harris J M. Experimental study of oscillating- 
wing propulsion. AIAA-82-4107, 1982. 
[19] DeLaurier J D. Drag of wings with cambered aerofoils and partial 
leading-edge suction. Journal of Aircraft 1983; 20(10): 882-886. 
[20] DeLaurier J D, Harris J M. A study of mechanical flapping-wing 
flight. Aeronautical Journal 1993; 97(968): 277-286. 
[21] Patil M J. From fluttering wings to flapping flight: the energy 
connection. AIAA-2001-1460, 2001. 
Biography: 
Shao Ke  Born in 1983, she received B.S. and M.S. from 
Beijing University of Aeronautics and Astronautics in 2000 
and 2004, respectively, and then became a Ph.D. candidate 
there. Her main research interests are aeroelasticity and flap-
ping wing aircraft design. 
E-mail: silan9@126.com 
 
 
